For most species of birds, little is known about the pattern and significance of intraspecific variation in iris colour. In early winter, captive American kestrels could be subjectively placed into at least two age categories: 0.5-yr-old birds had all-brown irides, whereas those of older birds were red-brown. As part of a toxicological study on kestrels, we quantified iris colour objectively using a digital camera to examine potential variation due to age, sex, and exposure to polychlorinated biphenyls (PCBs). Red, green, and blue values, plus an overall measure of colour using principal components analysis (PC1), were derived for breeding and nonbreeding kestrels 1.5-6.5 yr old (fed PCBs), plus offspring 0.5 yr old (exposed to PCBs only in ovo). Age category (0.5, 1.5, and 2.5ϩ yr) and PCB exposure consistently had an effect on colour, while sex was significant only for red and almost so for PC1. ANOVA with age as a covariate revealed that the amount of red continued to increase throughout life, but PCBs suppressed the development of that colour.
Introduction
The majority of birds have brown or black eyes; however, unlike most homeotherms, the irides of birds display a variety of colours (Oliphant 1988; Oliphant et al. 1992) . In addition to differences among species, there exists variation within a species attributable to numerous factors. Although most reports are anecdotal, and colour is assessed subjectively, it is clear that eye colour may vary geographically (Scharf and Hamerstrom 1975; Pyle 1997) ; between the sexes (Hardy 1973; Hudon and Muir 1996; Pyle 1997) ; with age, both while in the nest (Balph 1975; Vatev 1987) and for the first year or more of life (Trauger 1974; Sweijd and Craig 1991; Hudon and Muir 1996; Rosenfield and Bielefeldt 1997) ; and seasonally (Shields 2002) . Variation in iris colour of some species has been used by researchers as a technique for age determination in banding or other field studies (e.g., Wood and Wood 1972; Mueller et al. 1976 Mueller et al. , 1979 Eddleman and Knopf 1985) .
The anatomical and physiological basis of colour variation in the avian iris is poorly understood. The posterior surface of the normal iris is lined by two layers of pigmented epithelial cells. Light entering the eye passes through the nonpigmented stroma, striking the deeply pigmented epitheium on the back surface of the iris and is reflected back through the stroma. As pigmented cells, chromatophores or melanophores, develop in the iris stroma, they impart a brown colour to the iris, proportional to their density and distribution (Moses 1975) . Only recently has the complexity of avian iris pigmentation been recognized, and it is now known that eye colour may be achieved in a variety of ways (Oehme 1969; Oliphant 1988; Oliphant and Hudon 1993; Hudon and Muir 1996) . While melanophores are responsible for brown irides, bright colours may be the product of substances or structures such as purine and pteridine crystals, colourless lipids, carotenoids, collagen fibres, and hemoglobin in enlarged venous sinuses (Oliphant 1988; Oliphant and Hudon 1993; Hudon and Muir 1996) . However, brightly coloured compounds are also widely distributed in dark irides, suggesting that they may have functions other than being pigments, or that humans are unable to perceive their contribution to overall colour (J. Hudon, personal communication) .
From observations of captive American kestrels (Falco sparverius), we were aware of a subtle difference in iris colour over the first 3 yr of life (see below). We initially evaluated colour by comparison to colour charts; however, the subjective assessment of colour is fraught with problems (Endler 1990) . While some technological advances of colour evaluation of birds have been made, they are not appropriate for irides (e.g., Zuk and Decruyenaere 1994; Hill 1998) . As part of a toxicological study on kestrels (see Fernie et al. 2000 Fernie et al. , 2001a Fernie et al. , 2001b Drouillard et al. 2001) , we quantified iris colour objectively using a digital camera to examine potential variation due to age, sex, and exposure to polychlorinated biphenyls (PCBs).
Although PCBs are known or suspected to have a number of deleterious effects on avian physiology (Barron et al. 1995; Fernie et al. 2000; Smits and Bortolotti 2001) , we had no a priori prediction as to the nature of potential effects on iris colour.
Methods
We used captive American kestrels of known age from the Avian Science and Conservation Centre, McGill University, Canada. In November 1994, iris colour was subjectively compared to swatches of Smithe's (1975) Naturalist's Color Guide, as has been commonly done elsewhere (e.g., Eddleman and Knopf 1985; Nesbitt and Schwikert 1998) . We first trained ourselves by comparing birds of known identity to a classification system that had been determined previously (see "Acknowledgments"). Without knowledge of the age of the birds, G. Bortolotti ranked 221 kestrels ranging in age from 0.5 to 10.5 yr into one of two categories (see "Results" for colour description), or as being intermediate between the two, based on Smithe (1975) .
In 1998, kestrels were assigned randomly to PCB ( ) n p 76 or control groups ( ) and housed communally in flight n p 76 pens ( m) segregated by sex and treatment. PCB 6 # 6 # 2.5 exposure began on March 18, 1998. A 1 : 1 : 1 mixture by weight of Aroclor 1248 : 1254 : 1260 was dissolved in safflower oil at a concentration of 4.85 mg/g total PCB, and then 100 mL was injected intracranially into frozen-thawed day-old cockerels. The resulting daily PCB intake rate was approximately 7 mg/ kg body weight per day. For the control birds, cockerels received the equivalent dose of safflower oil only.
On April 12, 1998, 25 birds of each sex and treatment were paired and placed in outdoor breeding pens (see Fernie et al. 2000 Fernie et al. , 2001b . The remaining birds were kept as nonbreeders in the flight pens. Dosing lasted 120 d for nonbreeders and approximately 100 d for breeders; dosing of breeders stopped on the anticipated day of hatching of their eggs. The bioaccumulation and toxicokinetics of the 42 PCB congeners in these birds can be found in Drouillard et al. (2001) . In addition to 47 offspring (0.5 yr) produced during this study, there were 141 mature birds for which photographs were available: 1.5 yr, ; 2.5 yr, ; 3.5 yr, ; 4.5 yr, ; 5.5 yr, n p 42 n p 16 n p 4 n p 19 ; 6.5 yr, . n p 47 n p 13 We used a digital camera to quantify colour on a continuous scale following the methodology of Villafuerte and Negro (1998;  see also Wiebe and Bortolotti 2001) . We photographed all birds over a 4-d period in mid-December 1998, 5-6 mo after most young fledged and dietary exposure to PCBs ended for the older birds. Kestrels were held by the bill and body in a consistent manner under a Nikon Coolpix E900s digital camera mounted on the underside of a tripod. An external flash unit (Nikon Speedlight SB-28) was suspended 150 cm above the camera to provide consistent illumination for all photographs. The profile of the head of each bird was photographed against an 18% grey background along with two grey-scale reference cards (Villafuerte and Negro 1998) .
Using tools available with Adobe Photoshop software, one person selected the entire area of just the iris (i.e., no pupil). Red, green, and blue values were obtained for each individual (see Villafuerte and Negro 1998) . To simplify and to present an alternative perspective on the analysis of colour, we derived a single variable by entering the red, green, and blue values into a principal components analysis. Eigenvalues for all three variables were high (10.89) and of the same sign for the first component (PC1). PC1 explained 84.4% of the variance in the data and was used subsequently as a single measure of overall colour.
For some statistical analyses, we divided birds into three age categories: 0.5, 1.5, and 2.5ϩ yr of age. Discriminant function analysis (DFA) was performed using red, green, and blue variables for control birds only so that the distinctiveness of the three categories could be evaluated. We used ANOVA where nonsignificant interactions were removed iteratively and then repeated to obtain the most parsimonious model that explained variation in the dependent variable. Two-tailed tests were performed using SPSS (Norušis 1993) , and we considered results significant at the 0.05 level. We first examined whether past breeding versus nonbreeding status explained a significant portion of the variance in red, green, blue, and PC1 variables. As all results were nonsignificant, breeding status was dropped from further analysis: the colour variables became the dependent variables while sex, PCB treatment, and age category were factors, or age in years was used as a covariate.
Results

Subjective Assessment of Colour
The iris colour of birds in their first winter of life corresponded to Vandyke brown (colour 121) of Smithe (1975) . At the other extreme, birds 2.5 yr old or older corresponded to Prout's brown (colour 121A). When examined carefully in bright light, it was possible to see that the irides of the older birds always had a reddish cast to what otherwise appears to be brown. The intermediate age group of 1.5 yr appeared to be intermediate in colour, which was less easy to categorise. Males and females appeared to be identical. The blind assessment of iris colour confirmed that the youngest and oldest birds were distinctly different and that some of the 1.5-yr-olds were intermediate between the two categories ( Table 1) . Seven of the eight intermediates in the 1.5-yr or older age categories were noted as being closer in colour to Prout's brown, and the one 0.5-yr intermediate was nearer to Vandyke. Therefore, if given just a two-colour choice, 100% ( ) of 0.5-yr-olds and 99% n p 67 ( ) of the other birds would have been separated corn p 153 rectly into age-dependent colour categories. 
Analysis of Photographs
Age category (0.5, 1.5, and 2.5ϩ yr) and PCB exposure consistently had an effect on colour, while sex was significant only for red and almost for PC1 ( Table 2 ). The variation with age agreed with our subjective evaluation in that there was a progression of colour with age and the 1.5-yr age class was intermediate and more similar to older than the younger birds (Fig.  1) . Post hoc tests showed significant differences between each comparison of age groups, except in the case of 1.5-and 2.5-yr-old birds, which were not different for green and blue. The three age categories were quite distinct; the DFA of 104 control birds (males and females combined) resulted in two significant ( ) functions. The 0.5-yr-olds were most clearly sepa-P ! 0.001 rated; 91% (30 of 33 birds) could be classified correctly (none was mistaken for the oldest age group). The 2.5ϩ yr group was also reasonably distinct, as 40 of the 50 (80%) kestrels were classified correctly and only 2% were misidentified as the youngest category. Consistent with our subjective assessment of colour, the kestrels of intermediate age (1.5 yr) were intermediate in colour and most difficult to age; 71% correct classification with an even distribution of error to the older and younger categories. As many research projects may only require the identification of two age classes, that is, birds in their first year versus all older birds, we performed another DFA with only those two age categories. The significant function (P ! ) resulted in 97% of young birds and 94% of the older 0.001 birds being classified correctly.
We also explored whether variation in colour continued throughout life, or whether the age factor above was driven largely by the youngest birds. We used ANCOVA with age in years as a covariate, first with all birds and then only with birds 2.5 yr old or older. The results were the same as the results for age category when all birds were considered. However, when only the oldest birds, that is, those directly fed PCBs, were examined, PCB exposure was significant for all variables (P values from 0.005 to 0.017), but only red showed variation in age ( , , ) and perhaps sex ( F p 7.33 df p 1, 95 P ! 0.008 F p , , ) (Fig. 2) . 3.60 df p 1, 95 P p 0.061
Relative to the pattern of colour with age, PCBs always had a suppressive effect (Fig. 1) . Although we did not purposely compare individuals subjectively for potential effects due to PCB exposure, we do not believe that such variation would be obvious to the naked eye. It must be remembered that the youngest kestrels were never directly exposed to dietary PCBs. Because parental PCB exposure stopped at the time of hatching, the young birds were exposed only in ovo (see also Fernie et al. 2000 Fernie et al. , 2001a . ANOVA (sex and treatment as factors) for each of the four colour variables for 0.5-yr-olds showed no significant effects of treatment and sex to be significant (F p , , ) only for red. 4.123 df p 1, 44 P p 0.048
Discussion
For many species of birds, variation in iris colour has been noted to continue for the first few years of life (e.g., Bond 1919; Trauger 1974; Scharf and Hamerstrom 1975; Rosenfield and Bielefeldt 1997) . In such species, most colour change is gradual and variable enough among individuals that it is often not possible to assign definitively an age in years. In American kestrels, it is reasonable to at least determine age classes of first year versus older birds. The alternative technique of using plumage or prevalence of fault bars on feathers to identify kestrels in their first year can be applied to only a very limited proportion of the population (Smallwood 1989 ; G. R. Bortolotti, personal observation). With training and appropriate reference subjects, we believe that most observers could detect the small qualitative differences in iris colour between age classes but not those due to sex or PCB exposure. Although subjectively we could identify age as well as or better than by camera analysis, we feel that researchers must be cautious in applying iris colour as an aging criterion in the field. Variable lighting, and perhaps the lack of individuals of known age for training and reference, may make accurate age determination difficult. The relatively high percentage of photographs classified correctly by DFA suggests that this technique has potential to be used in aging kestrels. However, the results of our discriminant analyses cannot be applied directly to other studies. Each research project must have its own protocol for lighting, camera, and so forth, but given that only consistency is important, this is easily accomplished.
While age variation in iris colour appears to be relatively common (see Trauger 1974) , there has been little in the way of review or analysis of general patterns or possible functions. Most birds have dark eyes. For species with brightly coloured irides, regardless of phylogeny, ontogenic changes are from a dark to a more colourful state, such as yellow (Bond 1919; Hardy 1973; Trauger 1974; Scharf and Hamerstrom 1975) , red (Eddleman and Knopf 1985; Nesbitt and Schwikert 1998), or white (McCollough 1989; Sweijd and Craig 1991) . Even species that fledge with colourful irides start life in the nest with darker eyes (Snyder and Snyder 1974) . One of the more striking aspects of age-related changes in eye colour is that males and females frequently differ as to when bright colour is acquired (e.g., Bond 1919; Trauger 1974; Scharf and Hamerstrom 1975; Rosenfield and Bielefeldt 1997) . In kestrels, sex differences seem to be atypical; instead of the usual pattern in which males and females have the same juvenal colouring but then diverge with age, the reverse is true (Figs. 1, 2) .
Why eye colour should vary with age or sex has never been satisfactorily explained. Several authors have speculated that iris colour might have a social function (Goodwin 1966; Snyder and Snyder 1974; Trauger 1974 ). On first consideration, the pattern whereby the irides of older birds, and males, are typically most colourful seems to parallel the common variation in colour of exposed skin or plumage. Sexual selection is often evoked to explain such patterns (Andersson 1994) . Upon closer examination, however, within species, eye colour does not usually have the same developmental schedule or pattern of variation as plumage. An important difference between typical sexually selected traits and eye colour is that it is often females, not males, that have delayed acquisition of maximal coloration in the iris (Bond 1919; Trauger 1974; Scharf and Hamerstrom 1975; Rosenfield and Bielefeldt 1997) . Rosenfield and Bielefeldt (1997) rejected the hypothesis that eye colour in Cooper's hawks (Accipiter cooperi) might function in mate choice because they found reproductive performance of males to be independent of iris colour. In cases such as this, however, in which maximal colour occurs only after several years, the irides may reveal perhaps the most valuable indicator of a potential mate's quality-longevity.
The mechanisms responsible for colour change within a species are poorly known, and only for relatively few birds have there been histological and biochemical studies of the pigments involved (Oehme 1969; Oliphant 1988; Sweijd and Craig 1991; Hudon and Oliphant 1995; Hudon and Muir 1996) . Recent research has drawn attention to the general lack of appreciation for the complexity by which iris pigmentation is achieved (Oliphant 1988; Oliphant and Hudon 1993; Hudon and Muir 1996) . With the exception of one species, falcons have brown eyes, which, before this study, were not believed to change in colour with age (Forsman 1999) . We found that the most variable colour, that is, showing significant effects of age category, age in years, sex, and PCB exposure, was red. Other raptors, notably the accipiters, have irides that change from yellow to orange to red with increasing age (Mueller et al. 1976 (Mueller et al. , 1979 Rosenfield and Bielefeldt 1997) . Red irides were at one time thought largely to be the product of carotenoids; however, it is now known that red also may be determined by other pigments and even hemoglobin (Oliphant 1988; Hudon and Muir 1996) . It is unlikely that carotenoids are responsible for the colour of kestrel irides. While plasma carotenoid levels and carotenoid-based integument colour in American kestrels do increase with age, the difference between the sexes is small or absent in young birds and increases with age-that is, opposite to the iris colour pattern (Bortolotti et al. 1996) . In addition, circulating carotenoids decrease in the oldest birds, whereas eye colour becomes increasing more red with age (Fig. 2) . We have also found that the pattern of effects of PCBs on iris colour were contrary to those observed for plasma carotenoids and integument colour; for example, the 0.5 year olds (same individuals in both studies) showed an increase in carotenoids and skin colour (G. R. Bortolotti, J. E. Smits, K. J. Fernie, and D. M. Bird, unpublished data).
The earlier development of iris colour in males, and apparently seasonal variation as well, led Trauger (1974) to speculate that androgens are responsible for maturation of eye colour in lesser scaup (Aythya affinis). As bright eye colour in diving ducks is carotenoid-based (Oliphant 1988; Oliphant et al. 1992) sexual dimorphism and seasonal patterns are expected (e.g., Negro et al. 1998 ) but may be independent of androgen levels (Bortolotti et al. 1996) . Although we have no direct evidence to test the androgen-dependent hypothesis, plasma levels of total androgens in males were measured throughout the breeding season of 1998, and there were no effects of PCB exposure (T. Marchant, K. J. Fernie, J. E. Smits, G. R. Bortolotti and D. M. Bird, unpublished data; see also Fisher et al. 2001) .
Our study raises concerns about the potential negative consequences of PCBs. While changes in mammalian iris colour have been investigated to a degree in ophthalmic toxicology (Green 1999) , functional consequences are unknown. According to Burtt (1981) , birds with dark irides should be able to resolve images more precisely than birds with light irides; however, no data or analyses were presented to support such a claim. Whether this or some other as yet unknown function of pigments is affected by PCBs may be of particular concern with species such as falcons, which rely heavily on visual acuity for prey capture. We do not know if the young (0.5 yr) kestrels were not affected because of low-level, in ovo exposure to PCBs or whether their own low colour scores (Fig. 1) could not be further diminished. However, there were significant consequences of PCB exposure to mass and bone growth during the nestling period (Fernie et al. 2003) and negative effects on reproductive performance (delayed clutch initiation, fewer eggs laid and young reared) when these same individuals were bred just 4 mo after their photos were taken for iris colour evaluation (Fernie et al. 2001a) . Even if there were no physiological consequences to PCB-induced colour changes in the irides of kestrels, it is not unreasonable to expect that there could be some negative social effects to individuals.
The causes and consequences of variation in iris colour deserve further study. Quantification of iris colour by this technique or some other method of image analysis (e.g., Green 1999) could prove useful as a tool for age determination. However, given that our analyses revealed significant variation due to sex and PCB exposure that was not visible to the naked eye, this technique may have much broader application.
